A full-length cDNA clone encoding aspartate aminotransferase (AAT) has been identified from a carrot root cDNA library. Degenerate oligo primers were synthesized from the known amino acid sequence of AAT form I from carrot (Daucus carota L. cv Danvers). These primers were utilized in a polymerase chain reaction to amplify a portion of a carrot AAT gene from first strand cDNA synthesized from poly(A)' RNA isolated from 5-d-old cell suspension cultures. The resulting 750-bp fragment was cloned, mapped, and sequenced. The cloned fragment, mpAAT1, was used as a probe to identify a full-length cDNA clone in a library constructed from poly(A)' RNA isolated from carrot roots. A 1.52-kb full-length clone, AAT7, was isolated and sequenced. AAT7 has 54% nucleotide identity with both the mouse cytoplasmic and mitochondrial AAT genes. The deduced amino acid sequence has 52 and 53% identity with the deduced amino acid sequences of mouse cytoplasmic and mitochondrial AAT genes, respectively. Further analysis of the sequence data suggests that AAT7 encodes a cytoplasmic form of carrot AAT; the evidence includes the (a) absence of a transit or signal sequence, (b) lack of "m-residues," or invariant mitochondrial residues, in the carrot AAT sequence, and (c) high degree of sequence similarity with the amino acid sequence previously obtained for form I of carrot, a cytoplasmic isoenzyme. High-and low-stringency hybridizations to Southern blots of carrot nuclear DNA with AAT7 show that AAT is part of a small multigene family. Northern blot analysis of AAT7 suggests that AAT is expressed throughout cell culture up to 7 d and is highly expressed in roots but not in leaves.
(in some C4 plants), and in nitrogen distribution (for reviews see refs. 10, 12, 15) . Because of its central role in various metabolic processes, AAT has been extensively studied in both animal and plant systems. The biochemical and physical characteristics of AAT appear to be well conserved in both kingdoms, i.e. the kinetic properties, cofactor dependency, and mode of action of the enzymes examined to date are similar. Additionally, in both systems, the native enzyme has a relative molecular mass of 90,000 to 120,000 D and is usually composed of two identical subunits of 40,000 to 45,000 D.
The multifunctionality of the enzyme is correlated with multiple isoenzymes that have been identified in different cellular locations in both animals and plants. A review of the animal literature shows that there are two isoenzymic forms of AAT, each in different cellular locations. One isoenzyme has been localized in the cytoplasm and the other in mitochondria. The two isoenzymes are encoded by distinct genes that have 52% nucleotide identity (20) . Likewise, in different plant systems, AAT has been shown to have numerous isoenzymic forms that are located in different cellular locations, namely, the cytoplasm, mitochondria, chloroplasts, and peroxisomes (10, 12) . There are genetic and immunological data that strongly suggest that the isoenzymes are encoded by distinct genes. Genetic analyses of varieties of maize (22) and wheat (4) have shown that some of these isoenzymic forms are under independent genetic control. Further evidence for the presence of independent AAT genes in plants include the characterization of immunologically distinct antibodies to different forms of AAT isolated from alfalfa nodules (7) . Likewise, in the C4 plant Panicum maximum, immunologically distinct antibodies to different forms of AAT have been identified (19) .
A goal of this laboratory is to determine the molecular mechanism(s) that regulates and orchestrates the expression of AAT isoenzymes. Our goal is to gain an understanding of the regulation of the enzymic reaction at the level of protein, mRNA, and DNA. To that end, we have conducted an extensive study on the predominant form of AAT from carrot (Daucus carota L.) suspension cultures. This study has included the purification and the physical and biochemical characterization of the isoenzyme (24) and the subcellular localization of the isoenzyme in cell suspension cultures (25) . In this paper, we report the identification and characterization expression of the gene in cell suspension cultures and carrot organs.
MATERIALS AND METHODS

Materials
Guanidinium isothiocyanate, agarose, distilled phenol, oligo(dT)-cellulose, T4 ligase, 1-kb DNA markers, and restriction enzymes were purchased from Bethesda Research Laboratories4. [a-32P]dCTP (3000 Ci/mmol) was purchased from New England Nuclear. DNA primers were synthesized commercially by Synthecell. Vector DNA, pIBI31, and M13 mpl8 and mpl9 were purchased from IBI. Modified T7 DNA polymerase (Sequenase 2.0) was purchased from U.S. Biochemical. Gigapack II Plus packaging extracts were purchased from Stratagene. Nitrocellulose filters were purchased from Schleicher and Schuell, and nylon membranes were purchased from Gelman. The following kits were purchased: cDNA Synthesis System Plus from Amersham; gene amplification kit from Perkin-Elmer Cetus; Riboclone EcoRI Adaptor Ligation System and Xgtl 1 arms from Promega, and a randomly primed DNA-labeling kit from Boehringer Mannheim. All other chemicals were of analytical grade.
Cell Cultures
Cell suspension cultures of carrot (Daucus carota L. cv Danvers) were transferred and maintained as previously described (24) .
RNA Isolation and Poly(A)+ RNA Purification
Total RNA and poly(A)+ RNA were harvested from 5-dold carrot suspension cultures or from 30-d-old plants using the guanidinium isothiocyanate procedure and affinity chromatography using oligo(dT)-cellulose as described by Maniatis et al. (16) . The purity and integrity of the poly(A)+ RNA were determined by gel electrophoresis using formaldehydeformamide gels as described by Maniatis et al. (16) the gel and extracted with phenol. EcoRI adapters were ligated to the fragment, and the fragment was cloned into M13 mpl8. The DNA insert from the clone, mpAAT1, was mapped and sequenced by the dideoxy chain termination method (21) using modified T7 DNA polymerase (Sequenase 2.0). The sequence was analyzed with the University of Wisconsin GCG sequence analysis package running on a VAX 8250 system. cDNA Library Construction and Isolation of the Carrot AAT cDNA Clone Total RNA was extracted from 2-month-old (60 d) carrot roots, and poly(A)+ RNA was isolated from total RNA using oligo(dT)-cellulose as described above. Three micrograms of poly(A)+ RNA were utilized to synthesize cDNA. EcoRI adaptors were added, and the cDNA was ligated with Xgtl 1 arms and packaged into X phage heads.
A 750-bp DNA fragment was gene amplified from mp-AATI and was purified from an agarose gel by phenol extraction as described above. The fragment was labeled with [a-32P]dCTP using the random-priming method. Approximately 240,000 plaques were screened using the radiolabeled PCR probe. Lifts of nitrocellulose filters were performed as described by Maniatis et al. (16) . The nitrocellulose filters were prehybidrized in 50% formamide, 5x Denhardt's solution, 5x SSC, 0.1% SDS, 50% dextran sulfate, and 100 ,tg/ ml of denatured salmon sperm DNA at 420C for 1 to 4 h. Labeled probe was added to the prehybridization solution (final concentration of 1 X 106 cpm/mL), and the filters were hybridized at 420C for 18 h. The final wash was at 450C with 0.1X SSC, 0.1% SDS. From this screen, four strongly positive plaques were found and analyzed further.
The DNA sequence was determined for the largest clone, AAT7. X phage DNA was digested with restriction endonucleases EcoRI, BamHI, and PstI, and fragments were subcloned into plasmid vector pIBI31 or M13 vectors mpl8 and mpl9 and sequenced as described above.
Restriction Endonuclease Digestion and Electrophoresis
Restriction endonuclease digestions were performed according to the manufacturer's recommendations. DNA 
Southern and Northern Blotting and Hybridization
Carrot nuclear DNA was digested with various restriction endonucleases, and the fragments were separated by gel electrophoresis. DNA in the gels was depurinated in 0.25 N HCl for 10 min and transferred to Gelman nylon membranes by capillary transfer overnight with 0.4 N NaOH. Blots were rinsed in 2 X SSC and dried at room temperature. RNA was separated by gel electrophoresis in formaldehyde-formamide gels as described by Maniatis et al. (16) and transferred to Gelman nylon membranes by capillary transfer in 20X SSC.
High-stringency hybridization of a genomic Southern blot was performed with the entire 1523-bp fragment from AAT7 as a probe. Prehybridization, hybridization, and washes were performed at high stringency as described above with the following exceptions. The final washes were in 0.1X SSC and 0.1% SDS at 65OC. Low-stringency hybridizations were performed as follows: filters were prehybidrized in 15% formamide, 5X Denhardt's solution, 5X SSC, 0.1% SDS, and 100 jig/mL of denatured salmon sperm DNA at 420C for 1 to 4 h. Labeled probe was added to the prehybridization solution, and the filters were hybridized at 420C for 18 h. The filters were washed at 420C with lx SSC, 0.5% SDS for 24 to 72 h. 
RESULTS AND DISCUSSION
We report the identification of a full-length cDNA clone coding for the cytoplasmic isoenzymic form of AAT in carrots. We have used oligonucleotide primers derived from the amino acid sequences of form I of AAT from carrot (25) to amplify a 750-bp fragment of cDNA encoding a portion of AAT (Fig. 1) . The 750-bp fragment was cloned into M13 mpl8 (mpAAT1) for restriction endonuclease mapping and sequence analysis. A partial restriction map of mpAAT1 revealed one site each for EcoRI, HindIll, PstI, and SstI. The clone contained a 750-bp insert that had 53 and 55% nucleotide identity to the mouse cytoplasmic and mitochondrial AAT genes, respectively (data not shown). The 750-bp fragment was used as a probe to identify a full-length clone.
A 1523-bp full-length cDNA clone (AAT7) encoding for a cytoplasmic AAT isoenzyme was identified from a cDNA library prepared from poly(A)+ RNA isolated from carrot roots. The restriction map for AAT7 was identical with the map for mpAAT1 over the 750-bp gene amplified region; outside that region, AAT7 has additional sites for BamHI, PstI, and SstI. However, the nucleotide sequences between the two clones differed slightly (99.6% identity). There are three nucleotide differences at positions 298, 476, and 726 (Fig. 2) . Two of the changes are transversions and one is a transition. AAT7 has a 1523-bp insert that contains a 1215- bp open reading frame. A putative initiator methionine occurs at the 5' end of the cDNA clone. A translation product beginning at this point would encode a polypeptide of 406 residues with a calculated molecular mass of 44.2 kD. This is consistent with the approximate molecular mass of 43 kD previously determined by SDS-PAGE for subunits of form I carrot AAT (24, 25) . The nucleotide and deduced amino acid sequences for the carrot AAT cDNA clone were compared to the mouse cytoplasmic and mitochondrial and bacterial AAT sequences to verify the identity of the clone and to show divergence and variability of these genes. Because identity among homologous animal AAT nucleotide identity between the carrot AAT gene and the Escherichia coli aspC gene (9) is 50%, whereas the nucleotide identity with the gene encoding AAT in the thermoacidophilic archaebacterium Sulfolobus solfataricus (2) is 38% (data not shown).
The deduced amino acid sequence of the carrot gene was compared to the deduced amino acid sequences of the mouse cytoplasmic and mitochondrial isoenzymes (Fig. 3) , and the amino acid identities were 52 and 53%, respectively. Analysis of the sequences by the method described by Needleman and Wunsch (18) , which determines the evolutionary relationship between amino acid sequences, shows 68 and 67% similarity between the cytoplasmic and mitochondrial mouse genes, respectively. Amino acid identity and similarity between the deduced carrot AAT amino acid sequence and the deduced amino acid sequences for E. coli are 45 and 65%, and for S. solfataricus they are 17 and 41%, respectively. These data show that plant AAT is more similar to animal and eubacterial AATs than the archaebacterial AAT. This is not surprising because archaebacterial proteins usually do not have high mcAAT similarity with corresponding eukaryotic or eubacterial proteins (3, 5) . Furthermore, the plant sequence is more similar to the animal AATs than the eubacterial AAT. However, the surprising result is the lack of high amino acid identity between the carrot AAT and either the cytoplasmic or mitochondrial isoenzymes. In animal systems, there is a high degree of amino acid identity among homologous isoenzymes, i.e. identity among cytoplasmic AATs is approximately 83% and among mitochondrial AATs is approximately 86%, whereas identity between different isoenzymes is much lower, i.e. identity between cytoplasmic and mitochondrial isoenzymes is approximately 45%.
In animals, there are clear distinctions between cytoplasmic and mitochondrial amino acid AAT sequences. Christen et al. (1) mcAAT ENNNAVFSAAGFKDIRPYCYWDAEKRGLDLQGFLNDLENAPEFSIFVLNACABNPTGTDPTPEQWKQIAA ** * ** * * * **** * * ** ** * *N********* *** *** ** caAAT GI4EPKIFTLAGL-SVKTYRYYNPETRGLDFKGI4LEDLGSAPLGAIVLLBACANNPTGVDPTIEQWEQIRQ *** ** ** **** * * * ** * *** * ** ************ *** * mnrmAAT GNRTPIFRDAGM-OLOGYRYYDPKTCGFDFSGALEDISKIPEOSVLLLRACARNPTGVDPRPEOWKEIAS 0 0 0 00 220 230 240 250 260 270 280 mcAAT VMQRRFLFPFFDSAYQGFASGDLEKDAWAIRYFVSEGFELFCAQSFSKNFGLYNERVGNLTVVGKESDSV * *** ** ******** * ** * ** * * *** ** *** **** * * * * caAAT LIRSKSLLPFFDSAYQGFASGSLDADAQSVRIFVADGGECLAAQSYAKNMGLYGERVGALSIVCKTADVA * * *** ******** * ** ** * * **************** *** * * mmuAAT W KKLFAFFDM&TQGFASGDGDKDAWAVRHFIEQGINVCLCQSYAKNMGLYGERVGAFTVV;KDAEM 0 290 300 310 320 330 340 350 mcAAT LRVLSQMEKIVRITWSNPPAQGARIVAATLSDPELFKEWKGNVKTMADRILTMRSELRARLEALKTPGTW * ** * * ** ** **** * * * ** * ***** ** ** * * *** * caAAT SKVESQLKLVIRPMYSSPPLHGASIVAAILKDGDLYNEWTLELKAMADRIISMRQELFNALQAKCaEP.E ****** *** ** *** ** * * ** ** * * * ********* * * * * mmAAT IRVESQLAILIRLLYSNPPLNGARIAATILTSPDLRKQWQEVKGMADRIISMRTQLVSNLK&EGSSHNW 0 360 370 380 390 400 410 mcAAT SHITEQIGMFSFTGLNPKQVEYLVNEKHIYLLPSGRINMCGLTTKNLDYVATSIHEAVTKIQ* *** ***** ***** ** ** **** *** * ** * ** *** caAAT SHIVKQIGMFTFTGLNSEQVTFMTNEYHIYLTSDGRISMAGLSSRTVPHLADAIHAAVTGKA* ** ********* *** two species, mouse or pig. However, these segments and residues are present in all animal mitochondrial polypeptides sequenced to date. The identification of m-segments is based on two criteria: (a) the mitochondrial sequences must have a higher identity in a designated region than the average identity between the entire mitochondrial sequences and (b) the cytoplasmic sequences in the same designated region must have a lower identity than the homology between the entire cytoplasmic sequence. The carrot AAT only has one conserved m-segment (120-149). However, much of the similarity is in the absence of amino acid residues as opposed to high sequence identity among the two sequences. Of the 36 m-residues found in mouse mitochondrial AAT, only 12 (33%) are identical with the carrot AAT sequence; even with conserved substitutions, the amino acid similarity is only 44%. These data suggest that the carrot AAT cDNA does not code for the mitochondrial isoenzyme.
In eukaryotic systems, polypeptides that are encoded in the nucleus and transported to organelles contain signal or transit sequences. Based on the putative initiation site, AAT7 does not contain a signal or transit polypeptide. The absence of a signal or transit polypeptide is supported further by the presence of an in-frame termination codon before the designated initiation site (Fig. 2) . This suggests that AAT7 is a fulllength clone that encodes a cytoplasmic isoenzyme.
The assignment of AAT7 as the gene encoding a cytoplasmic isoenzyme was verified by comparison of the deduced amino acid sequence to the amino acid sequence data previously obtained from the cytoplasmic form of AAT in carrot cell suspension cultures (25) . The identity between the amino acid sequences was nearly perfect, 97% (31 of 32 residues). The only difference was a substitution of an alanine residue in the cDNA sequence in place of a seine residue at position 101. However, the PCR-amplified fragment has the same seine residue as the amino acid data at this position. The difference in the two amino acid residues is due to a transversion at nucleotide 298 (Fig. 2) . Whether the transversion occurred during cloning of AAT7 or during the PCR reaction is unclear. However, it is clear from these data that AAT7 encodes for the cytoplasmic isoenzyme of AAT in carrot.
A comparison of known animal and E. coli AAT sequences shows that 107 (26%) amino acid residues are invariant or conserved (1) . Alignment of the polypeptides show that regions of the AAT polypeptides are highly conserved at amino acids 193 to 200, 220 to 231, and 258 to 268 (1). These highly conserved regions also exist in the carrot AAT polypeptide. These conserved regions contain several of the 13 amino acids proposed to be involved in binding at the active site (8, 14, 20) . In carrot, these amino acid residues are conserved in identity and position at residues Tyr70, Trp 40, His143 fiS189, His193, Asp222, Ala224, Tyr225 5er5, , Lys258, Arg266, Arg292, and Arg386. This includes the motif Ser-X-XLys, a sequence common to most PLP-binding sites (23) . Other amino acid residues that are conserved in animal AATs and are associated with the active site include Val37, Gly38, Ala39, Gly108, Thr109, Asn142, Asn194, Sere96, and Phe360 (13, 14) ; these residues are also conserved in the carrot polypeptide. The only amino acid that is associated with the active site in animal AATs and is not conserved in carrot is Asn297, which is replaced with serine. Serine is not a conserved substitution for asparagine. How this substitution affects the formation of the active site is not known. Most of the invariant residues bind to PLP at the active site, specifically Lys258, which is covalently bound to PLP via the E-amino group to form an aldimine double bond (11) . The presence of these residues in carrot AAT shows that the PLP-binding site is conserved in plants and suggests that carrot AAT requires PLP for enzymic activity, as do all AAT enzymes studied to date. Previously, we reported the complete inhibition of form I (carrot cytoplasmic isoenzyme) in the presence of 2 mm aminooxyacetate and suggested that the enzyme may require PLP (24) . Further analysis of the carrot amino acid sequence shows that carrot AAT contains 12 residues that are conserved in tyrosine, histidinol-phosphate, and AATs. Most of these residues have a known functional or structural role (17) . In general, these data support the view that the conserved or invariant residues play significant structural and/or functional roles that are common to these enzymes.
Genetic and immunological studies of plant AAT isoenzymes suggest that they are encoded by distinct genes (4, 7, 19, 22) , thus requiring the presence of a small multigene family. Our Southern analysis of carrot genomic DNA supports that hypothesis (Fig. 4) . High-and low-stringency hybridization experiments were conducted with AAT7 (1523-bp full-length cDNA) with identical Southern blots of genomic carrot DNA digested with three restriction endonucleases (BamHI, EcoRI, and HindIII). Under high-stringency hybridization conditions, simple hybridization patterns were evident (Fig. 4A) : three bands were observed with BamHI (12.0, 4.2 and 3.8 kb), two bands with EcoRI (6.0 and 1.3 kb), and three bands with HindIII (12.2, 9.0 and 6.6 kb). Under less stringent conditions (Fig.4B) , an additional band was observed with BamHI (>20 kb), three additional bands were observed with EcoRI (16.5, 12.5, and 4.1 kb), and three additional bands were observed with HindIII (18.0, 1.0, and 0.8 kb). These data indicate that AAT7 is part of a small multigene family that includes several distinct genes.
Hybridization of northern blots of poly(A)+ RNA isolated from carrot cell suspension culture 1, 3, 5, and 7 d after inoculation shows very little difference in AAT message expression throughout a 7-d cycle (Fig. 5A) , although there is a slight increase in transcript levels on day 3 and a slight decrease on day 7 . When the relative amount of mRNA from days 3 and 7 are normalized against the tubulin control and compared to days 1 or 5, the changes are less than 2-fold. The estimated size of the AAT mRNA is approximately 1.55 kb, which is in close agreement with the size of the cDNA clone. These data also indicate that the cDNA clone is full length. Hybridization of northern blots of poly(A)+ RNA isolated from 30-d-old roots and leaves shows that AAT is expressed differently in both organs (Fig. 5B) ; quantification of the data shows that transcript levels are at least 15-to 20-fold higher in the roots than in leaves. AAT isoenzymes have been shown to be differentially expressed in various plant organs (6, 7) . Our northern analysis shows that AAT is differentially expressed in roots, where it is highly expressed, and in leaves, where there is very little or no expression. These data correlate well with our isoenzyme data (unpublished results) in that in leaves there is little or no detectable AAT activity. If 90 to 95% of the detectable AAT activity is the cytoplasmic isoenzyme, as is the case in cell culture (24) , then repression of the cytoplasmic AAT gene in leaves could account for the low amount of detectable AAT activity we have observed.
In summary, based on three criteria ([a] the lack of a leader sequence in the cDNA clone, [b] the lack of conservation of invariant m-residues in the carrot AAT sequence, and [c] the near-prefect sequence identity of the deduced amino acid sequence from the cDNA clone with the amino acid sequence obtained from the cytoplasmic form of carrot AAT), we suggest that the cDNA AAT7 encodes a cytoplasmic AAT isoenzyme. In 
